The aim of this study was to experimentally examine the impact response of a RPC (Reactive Powder Concrete) beam and develop an analytical model to represent its impact response. Thus, a drop hammer impact test was performed to investigate the influence of drop height of the hammer on the impact response of the RPC beam. Subsequently, a static flexural loading test was conducted to find out the residual load carrying capacity of the RPC beam after impact loading. In the impact analysis, the two degrees of freedom mass-spring-damper system model was used. The analytical results were in good agreement with the experimental results when high damping for the local response at the contact point was assumed.
Introduction
Reactive Powder Concrete (RPC) reinforced with short steel fibers is characterized by an ultra-high strength of more than 200 MPa and high fracture toughness. Because of its excellent properties, RPC may be suitable as an advanced material for reinforced concrete structures subjected to impact loads resulting from crashing vehicles, ships or airplanes, falling rocks, avalanches or explosions. However, since RPC is a relatively new material, little information on the impact response of RPC is available. The current state of the art concerning impact responses of reinforced concrete members is limited to normal strength concrete (JSCE 1993 , Norwegian Defence Construction Service 1996 , JSCE 2004 . Therefore, it is essential to investigate the impact response of RPC and to provide an analytical model to represent its response.
Impact loading is generally an extremely severe loading condition characterized by great intensity and short duration. The behavior of a structural member under impact loading may consist of two responses; one is the local response mainly due to the stress wave that occurs at the loading point during a very short period after impact, and the other is the overall response with vibration effects due to the elastic-plastic deformation that occurs in the whole structural member over a long period after impact. The overall response strongly depends on the quasi-static behavior with loading rate effect of the structural member. It is well known that the rapid loading test is the best way to examine the quasi-static behavior of a structural member under constant high deformation velocity.
The authors have already conducted a number of studies, outlined below, concerning the dynamic mechanical characteristics of RPC for the purpose of collecting fundamental data required for better understanding and modeling the impact behaviors of RPC beams. The uniaxial tensile and the triaxial compression behaviors of RPC under rapid loading were examined and constitutive models with strain-rate effects for RPC were proposed (Fujikake et al. 2002 , Fujikake et al. 2006a . The rapid flexural behaviors of RPC beams were investigated with experimental variables consisting of the rate of loading and the amount of longitudinal tension rebar, and an analytical model based on a fiber model technique was finally developed to predict the quasi-static behavior of reinforced RPC beams subjected to rapid flexural loads (Ueda et al. 2005 , Fujikake et al. 2006b .
The aim of this study was to experimentally examine the impact response of a RPC beam and to develop an analytical model to represent its impact response. Thus, two kinds of test were performed. One was a drop hammer impact test to evaluate the impact response of the RPC beam, and the other was a static flexural loading test to find out the residual load carrying capacity of the RPC beam after impact loading.
Experimental program

Test specimens
Five identical RPC beams with an I section were prepared for the impact loading test. The RPC beams had the cross-sectional dimensions of 200 mm depth, 150 mm width, and 1700 mm length, as shown in Figs. 1 and 2 . The RPC beams were provided with three deformed bars 1 with a diameter of 13 mm, as shown in Fig. 1 . An effective depth of 170 mm was maintained for the longitudinal reinforcement. The reinforcement ratio was 2.60%. The RPC beams tested were identical to the specimens that were used in our previous rapid flexural loading test, in which the specimens had exhibited a type of ductile flexural failure (Ueda et al. 2005) . Table 1 details the mix proportions used in this study. The pre-blended powders, provided as Ductal Premix on a commercial basis, consist of Portland cement, silica fume, quartz sand with a maximum particle diameter of 1.2 mm used as fine aggregate and very fine powder composed mainly of quartz as the mineral admixture. Two percents of short straight steel fibers in volume were introduced to the mix. The steel fibers used were 15 mm long, with a diameter of 0.2 mm. After their removal from the molds, all specimens were cured at 90℃ for 2 days. The mechanical properties of RPC used in uniaxial static compression tests are given in Table 2 . The mild steel reinforcement used for longitudinal reinforcement had a yield strength of 295 MPa and an elastic modulus of 200 GPa.
Material compositions and properties
Impact loading test
For impact loading, a drop hammer impact loading machine was used, as shown in Fig. 2 . A drop hammer with a mass of 400 kg was dropped freely onto the top surface of the RPC beam at midspan from five different heights: 0.8, 1.0, 1.2, 1.4 and 1.6 m. The striking tup had a hemispherical tip with a radius of 90 mm. To prevent the RPC beam from bouncing out, the RPC beam was supported over a span of 1200 mm with specially designed devices allowing it to freely rotate.
The contact force developed between the hammer and the RPC beam was measured using a dynamic load cell. The midspan deflection response of the RPC beam was measured using a displacement laser sensor as well. The dynamic load cell was rigidly connected to the drop hammer. A thin rubber sheet was mounted on the bottom surface of the RPC beam as a target for the laser sensor, so that the midspan deflection could be measured after cracking. The PC-based data acquisition system recorded the data at a sampling rate of 100 kHz.
Residual load carrying capacity test
The residual load carrying capacity of the RPC beam after impact loading was examined using a static flexural loading test. In the test, the RPC beam was simply supported over a span of 1200 mm, and loaded at midspan at the midspan deflection rate of 1.4×10 -4 m/s. The acting load and the midspan deflection were measured using a load cell and a displacement laser sensor, respectively.
Experimental results
Failure modes
Typical failure modes obtained in the impact loading test are shown in Fig. 3 . While no shear reinforcement was provided to the RPC beams in this study, no shear failure Figure 4 shows the impact load-midspan deflection relation obtained at each drop height. The impact load-midspan deflection relations show two peaks in the midspan deflection range of less than 10 mm and an extremely steep leading edge of the initial peak, while the impact load tends to be largely constant at midspan deflections greater than 10 mm. It can be seen that the maximum midspan deflection increases with increases in drop height. In the impact test, after the main impact response shown in Fig. 4 , the separation and contact behaviors between the hammer and the RPC beam were monitored over several times. Figure 4 also shows the load-midspan deflection relation obtained in the residual load carrying capacity test. In the figure, the load-midspan deflection relations obtained from both the impact loading test and the static flexural loading test for a virgin specimen done by Ueda et al. (2005) before the impact loading test, are also plotted for reference purposes. The load-midspan deflection relations obtained in the residual load carrying capacity test can be seen to be in good agreement with that of the virgin specimen under static loading. This evidence suggests that the impact loading does not induce any extra overall flexural damage to the RPC beam other than the overall flexural damage corresponding to the maximum deformational response. Therefore, regardless of the loading type, such as static or impact, the degree of overall flexural damage to the RPC beam probably depends only on the maximum deformational response, so that the maximum deformational response can be used as the most rational index for evaluating the overall flexural damage to the RPC beam.
Influence of drop height on impact load-midspan deflection relation
Residual load carrying capacity of RPC beam
In the residual load carrying capacity test, the RPC beams were loaded up to the complete loss of their load carrying capacities. However, in the static flexural loading test for the virgin specimen, loading was terminated when the midspan deflection was over 40 mm, even though the specimen still retained ample load carrying capacity. Thus, a straight comparison of the deformational capacity of the virgin specimen with that of the RPC beams after impact loadings is not possible.
Impact response analysis
General description
The response of a RPC beam subjected to a drop hammer impact may be represented by the two degrees of freedom mass-spring-damper system schematically shown in k . The equations of motion for the two degrees of freedom system can be expressed as: 
where g : acceleration of gravity, i u , i u , i u : displacement, velocity and acceleration of the mass
This analytical model can represent not only the overall response of the RPC beam but also the local response at the contact point between the drop hammer and the RPC beam with the least degrees of freedom. The impact load measured using the dynamic load cell in the impact loading test corresponds to the load acting on the spring 2 k in the analytical system. In the following sections, the methods to determine the mechanical properties 1 k , 2 k , 1 c and 2 c are originally developed. ]. It is assumed that a RPC beam subjected to drop hammer impact at midspan deforms at a midspan deflection rate equal to the initial impact velocity of the hammer. The load-midspan deflection relation at the midspan deflection rates of 3.96 to 5.60 m/s can be estimated by using the previously proposed analytical model based on a fiber model technique, in which the strain-rates effects of RPC and reinforcing steel are properly considered (Fujikake et al. 2006b ), as shown in Fig. 6 . The material parameters used in the analysis are a static compressive strength of 214.7 MPa and an elastic modulus of 55.0 GPa for RPC, and a static yield strength of 295 MPa and an elastic modulus of 200 GPa for reinforcing steel. The analytical results are shown in Fig. 7 . As can be seen, varying the midspan deflection rates between 3.96 and 5.60 m/s, no significant differences exist. Table 3 shows the maximum load, ultimate load and ultimate midspan deflection obtained by the analysis at each loading rate. The ultimate state is defined as a point at which the extreme compression fiber at the cross section of the RPC beam at midspan reaches the dynamic compressive strength of RPC with strain-rate effect.
Load
For the impact analysis, the load-midspan deflection relation at the midspan deflection rate of 4.85 m/s, which exhibited a relation that was the average of those calculated, was adopted and expressed by a five-segmentt curve as shown in Fig. 8 . The loads and midspan deflections at points A to D in 
Analytical object
RPC beam deformed at constant midspan deflection rate δ Analytical assumptions 1) Plane sections of the RPC beam before bending remain plane after bending.
2) Stress and strain within each discrete fiber element are calculated at the centroid of the fiber element.
3) Additional deformation due to shearing force is ignored. 4) A perfect bond exists between RPC and reinforcing steel.
5) The stress-strain curves with strain-rate effects for RPC and reinforcing steel are known.
6) The curvature varies with the constant curvature rate φ given as a function of the constant midspan deflection rate δ
Analysis of moment-curvature relationship
The moment-curvature relationship is calculated based on the fiber model technique. ultimate load and the ultimate midspan deflection calculated were 128.52 kN and 17.0 mm, respectively. In the impact analysis, it was assumed that beyond the ultimate state, the load maintained the ultimate load of 128.52 kN, based on the previous research results (Ueda et al. 2005 , Fujikake et al. 2006b ).
Contact condition
The following conditions were employed to express the behavior of contact and separation between the drop hammer and the RPC beam: 
When the drop hammer and RPC beam remain in contact, the internal forces between them can be transmitted through the interface spring 2 k and the damper 2 c . However when they separate, the values of both 2 k and 2 c are zero.
Interface spring
The striking tup had a hemispherical tip with a radius of 90 mm. The collision of the drop hammer and the RPC beam can be modeled as the case of contact between a spherical body and a plane, as shown in Fig. 9 . Based on Hertz's contact theory, the relation between a local deformation δ and a contact force P can be given as The calculated contact force-local deformation relation can be seen to be nonlinear. However, it was assumed in this analysis that the contact force-local deformation relation was linear elastic because of its simplicity.
To determine the value of interface spring constant 2 k , the impact response of the RPC beam and the drop hammer were calculated varying the interface spring constant. In the calculation, the drop hammer ( 2 M = 400 kg) struck on the RPC beam ( 1 M = 30 kg) at midspan at a velocity of 4.85 m/s; the five-segment curve model with an initial spring constant i k 1 = 91,000 kN/m shown in Fig. 8 was used for the spring 1 k ; and the damping coefficients 1 c and 2 c were both zero. Figure 11 shows the calculation results. The impulses or the midspan deflections are identified regardless of the interface spring constant, while the impact load increases with increases in the interface spring constant. Therefore, the interface spring constant should be determined taking into consideration the magnitude of the impact load.
The maximum impact loads measured were approximately 400 kN, so that the value of the interface spring was assumed to be five times larger than the initial spring constant for the RPC beam ( i k 1 = 91,000 kN/m). Thus k 2 was estimated to be 455,000 kN/m.
Analytical investigation
Comparison with experimental results
To check the validity of the proposed impact analysis, the impact test result obtained at the drop height of 1.2 m was selected for comparison with the analytical result. In the impact analysis, the equivalent mass of the RPC beam and the mass of the drop hammer were 1 M = 30 kg and 2 M = 400 kg, respectively. For the spring 1 k expressing the behavior of the RPC beam, the five-segment curve model shown in Fig. 8 was used. The contact spring was 2 k = 455,000 kN/m. In the damping coefficients, five cases of damping proportional to the stiffness matrices, i.e., Rayleigh damping, were assumed, as shown in Table 5 . The analytical results using 1 c = 8.5 and 2 c = 42.5 kN.s/m for the drop heights of 0.8, 1.0, 1.4 and 1.6 m are shown in Fig. 13 with the experimental results. The analytical results are in good agreement with the experimental results.
As shown in Table 5 , using the damping coefficients 1 c = 8.5 and 2 c = 42.5 kN.s/m leads to a first mode damping constant of 2% and a second mode damping constant of 20.5%. Thus, in the impact analysis, the considerable degree of damping must be taken into account. Table 6 shows the maximum absorbed energy of the RPC beam, the loss of energy and the ratio of the maximum absorbed energy of the RPC beam to the input energy obtained from the impact analysis. The relation between the maximum absorbed energy and the drop height and the relation between the ratio of the maximum absorbed energy to input energy and the drop height are shown in Fig. 14 as well. The maximum absorbed energy of the RPC beam increases with increases in drop height, while the maximum absorbed energy approximately corresponds to 82% to 86% of the input energy. Thus, 14% to 18% of the input energy is lost.
Impact load and impulse
To examine the influence of drop height on impact load, the first peak and second peak of the impact load (shown in Fig. 12 (e) ) obtained from both the impact test and the impact analysis were focused on, as shown in Fig. 15 . Those peaks characterize the local response at the contact point between the drop hammer and the RPC beam from the physical phenomenon aspect. The first peaks of the impact loads obtained by the analysis increase with increases in drop height. However, those obtained from the impact test vary quite a bit. It is difficult to know whether the first peaks increase with increases in the drop height or remain constant. These results suggest that it is difficult to measure the first peak of the impact load because of the degree of flatness of the contact planes and various other reasons. On the other hand, for the second peaks, the analytical values almost agree with the experimental values. The values of the second peaks almost remain constant regardless of the drop height.
Figure16 shows the relation between the impulse and the drop height obtained from the impact test and the impact analysis. The analytical impulse can be seen to be almost in agreement with the experimental one at each drop height. The impulse increases with increases in drop height. Figure 17 shows the relation between the maximum deformation of the RPC beam and the drop height obtained in both the impact test and the impact analysis. The analytical results are generally in good agreement with the test results, and even the analytical maximum midspan deflections at the drop heights of 0.8 and 1.0 m are larger than those obtained from the impact test.
Maximum midspan deflection of RPC beam
In the previous section, test results suggested that there is a correlation between the maximum deformational response and the degree of flexural damage to the RPC beam subjected to impact loading. Therefore, the examination of structural safety for the RPC beam under impact loading is made possible by comparing the analytical maximum deformational response with the ultimate deformation as shown in Fig. 18 , if the RPC beam only exhibits flexural failure.
Taking this impact loading test as an example, the analytical ultimate midspan deflection was estimated to be 17.0 mm. The maximum midspan deflection of the RPC beam at the drop height of 0.8 m is 16.7 mm less than the ultimate deformation, so that this case can be considered safe. On the other hand, the maximum midspan deflections at drop heights greater than 0.8 m exceed the ultimate midspan deflection, so that these 
